Abstract Herbivorous insects respond to the chemical variation of their host plants which, in turn, usually has a genetic component. Therefore, it is expected that individual host plants with similar genotypes will have similar secondary chemistries and herbivore communities. However, natural or anthropogenic environmental variation can also influence secondary chemistry and herbivore abundance and composition. Here, we determined the relationships among plant genetics, phytochemistry, and herbivory levels by leaf chewers and miners in the red oak Quercus castanea, across a fragmented landscape. Ten oak individuals were sampled at each of four sites in the Cuitzeo basin, central Mexico. Two sites were small and fragmented forest patches and two were large and continuous patches. Individuals were genotyped with six nuclear microsatellites, and analyzed chemically to determine foliar concentrations of water, total nonstructural carbohydrates, and secondary compounds. Damage by leaf chewers was higher in the small fragments than in the large fragments. Mantel tests indicated significant correlations of the genetic distance among individuals with their chemical similitude, and also of chemical similitude with damage levels by leaf miners, but not with damage by folivores. There was no direct relationship between genetic distance and herbivory levels by any of the two insect guilds. Our results suggest that variation in concentration of secondary metabolites in Q. castanea has a genetic component and that plant chemistry acts as an intermediate link between plant genes and the community of associated herbivores. However, this effect was only apparent for herbivory by leaf miners, probably because these insects interact more intimately with the host, while free-living leaf chewers may be more responsive to environmental variation.
Introduction
Plant genetics can influence the community structure of a wide range of associated organisms from microbes to vertebrates (Whitham et al. 2003; Bailey et al. 2006) . In both agricultural and natural systems (Fritz and Price 1988; Anderson et al. 1989; Via 1990; Fritz and Simms 1992) , genetic variation of host plants has an important role in regulating herbivore populations. Some studies indicate that insect herbivores not only distinguish between parental host plant species and their hybrids (Whitham 1989; Boecklen and Spellenberg 1990; Fritz et al. 1994) , but also among different plant genotypes within a single species (Fritz and Price 1988; Maddox and Root 1990; Cronin and Abrahamson 2001; Wimp et al. 2005; Donaldson and Lindroth 2007) . This discrimination among host plants can subsequently affect the community structure and arthropod diversity. Recent studies have shown that host-plant genotypic diversity can be related with species richness and abundance of the arthropod community (Wimp et al. 2004; Reusch et al. 2005; Crutsinger et al. 2006; Johnson et al. 2006; Tovar-Sa´nchez and Oyama 2006; Tovar-Sa´nchez et al. 2013) . The variation in plant genotypic diversity can result in differences in both the average and the variance of plant quality among populations, producing a dissimilarity of susceptibility to particular insect herbivores (McCrea and Abrahamson 1987; Karban 1992; Hwang and Lindroth 1997; Hughes et al. 2008 ). Furthermore, interactions among different plant genotypes within populations can mod-ify individual quality levels (Hamba¨ck et al. 2000; Hughes et al. 2008) .
A potential mechanism involved in the relationship between plant genetics and arthropod community structure is the plant secondary chemistry composition (Maddox and Root 1990; Whitham et al. 1999; Dungey et al. 2000; Abrahamson et al. 2003; Hochwender and Fritz 2004; Wimp et al. 2004 Wimp et al. , 2005 Bangert et al. 2006) . Similar plant genotypes usually have similar secondary chemistries and arthropod communities (Bangert et al. 2006) . However, only a few studies have investigated the overall link among plant genetics, secondary chemistry and arthropod community structure (Johnson and Agrawal 2005; Bangert et al. 2006; Barbour et al. 2009 ).
Habitat fragmentation subdivides forests into ''islands'' or ''fragments'' surrounded by a matrix of environments altered by humans, decreasing the areas available to natural communities (Templeton et al. 1990 ). Therefore, habitat fragmentation causes changes in the genetic diversity and connectivity of populations (Cunningham and Moritz 1998; Gerlach and Musolf 2000; Aguilar et al. 2008; Herrera-Arroyo et al. 2013) , and negatively affects species richness of plants and insects (Wettstein and Schmid 1999; Floren and Linsenmair 2001; Foggo et al. 2001 ) and alters population abundance and distribution (Hinsley et al. 1995; Fahring 2003; Sodhi et al. 2009 ). In addition, the structure and composition of insect communities associated with specific hosts is also affected (Chust et al. 2007) . Therefore, habitat fragmentation may destabilize and collapse biotic interactions (Tscharntke and Brandl 2004; Valladares et al. 2006; Vá squez et al. 2007) , specially reducing both the number of specialist insect species (Gibbs and Stanton 2001; Steffan-Dewenter et al. 2002) , and the quantity and quality of resources for insect herbivores (Arnold and Asquith 2002; Kolb 2008) . However, an important issue that remains to be addressed is whether some of these effects of fragmentation on biotic interactions are caused directly by environmental changes, or mediated indirectly by the modifications of host genetics that result from fragmentation.
The oaks (genus Quercus) are dominant species in temperate forests in Mexico and perform significant ecological functions such as nutrient cycling, water balance and biodiversity sustain (Nixon 1993) . Also, oaks have a great economic importance, but unfortunately inadequate management has predominated with high deforestation and fragmentation rates in Mexico (Bello and Labat 1987; Bocco et al. 2001; Valencia-Á valos and Nixon 2004; Arredondo-Leo´n et al. 2008) .
Leaves of the genus Quercus are high in phenolic compounds (Schultz and Baldwin 1982; Faeth and Bultman 1986; Rossiter et al. 1988 ) and have played an important role in the development of the theory of plant defense against herbivores (e.g. Schultz and Baldwin 1982; Rossiter et al. 1988) . Specifically, it has been shown in numerous experiments that tannins act as a broad-spectrum defense mechanism against herbivores, and are responsible for regulating herbivory levels (Hunter and Schultz 1995; Erickson et al. 2004; Forkner et al. 2004) .
In this study, we evaluated the relationships among plant genetics, chemical compounds and herbivory patterns by folivores and leaf miners associated with the Mexican red oak Quercus castanea in a fragmented landscape. In particular, we addressed the following questions: (1) is there an effect of habitat fragmentation on phytochemistry, herbivory levels and genetic diversity? (2) is there a relationship between herbivory patterns by different insect guilds, phytochemistry, and host plant genotypes?
Methods

Study system
Quercus castanea Ne´e is a red oak (section Lobatae) (Nixon 1993 ) that grows as a moderately large tree 10-18 m in height, and 30-100 cm in diameter. Mature leaves are rigid and coriaceous, mostly oblanceolate and oblong-elliptic-lanceolate, with margins flat or slightly revolute, with teeth in the distal third of the blade, the upper surface hard, lustrous, gray-green, and the lower surface thinly gray-tomentose or yellowish. The flowering period is from April to May and acorns mature between July and November. These are nearly sessile, broadly ovoid (Valencia 1995) . The species is often localized in association with tropical dry forests, in oak forests and in pine-oak forests, at altitudes between 1100 and 2600 m. Q. castanea is one of the most widely distributed species within the red oak group in Mexico. It occurs in the Sierra Madre Oriental, Sierra Madre Occidental, Central Plateau, Trans-Mexican Volcanic Belt, Balsas Depression and Sierra Madre del Sur.
Study site
This study was conducted within the catchment basin of Lake Cuitzeo, with an area of 4026 km 2 . It is located in the north of the state of Michoaca´n, Mexico, between 19°30¢ and 20°05¢ latitude north and 100°35¢ and 101°3 0¢ longitude west, and an average altitude of 2000 m. It is part of the Trans-Mexican Volcanic Belt morphotectonic province (Ferrusquı´a-Villafranca 1993) . The climate is temperate with an average annual temperature of 17°C and annual rainfall of about 800 mm concentrated in the summer. The lake of Cuitzeo is the second largest in Mexico (a wetland of about 300 km 2 ). The basin is representative of the environmental and socioeconomic conditions of central Mexico and has experienced strong fragmentation of natural vegetation in the last decades (Lo´pez et al. 2006; Mendoza et al. 2011) . Around 20 % of the basin is covered by temperate pineoak forests, the subtropical underbrush occupies about 15 %, induced grasslands less than 15 %, and crops occupy about 40 % of the basin (Lo´pez et al. 2006; Mendoza et al. 2011 ).
Sampling design
To select the study sites we used a database from previous analyses of land covers and recent land-use changes in the Cuitzeo basin (Lo´pez et al. 2006; Mendoza et al. 2011) . On the basis of this information we selected four sites that differ in forest condition, two small and fragmented forest patches (<4 ha): San Miguel del Monte (SMM, 19º 37¢ 0¢¢ N; 101º 7¢ 42¢¢ W) and Santiago Undameo (SAU, 19°36¢ 0¢¢ N; 101°16¢ 52¢¢ W), and two large and continuous forest patches (>12 ha): Ume´cuaro (UME, 19º 31¢ 39¢¢ N; 101º 15¢ 19¢¢ W) and Cuanajo (CUA, 19°29¢ 06¢¢ N; 101°30¢ 26¢¢ W). Otherwise, the sites were relatively proximate (the distance among patches was between 16 and 42 km) and were similar in species composition (i.e. oak forest dominated by Q. castanea) and in elevation (2000-2300 m) and climatic conditions (15-17°C mean annual temperature, 900-1000 mm annual precipitation).
Herbivory patterns by folivores and leaf miners
In order to estimate the herbivory patterns by the two different insect guilds, we sampled 10 randomly chosen but spatially separated (at least 20 m) adult trees of Q. castanea at each of the four sites. We used a stratified sampling within each tree, collecting three branches at each canopy stratum (lower, medium and high). From each branch 10-20 leaves were randomly selected, to a total of 50 leaves per canopy strata, 150 leaves per individual and 1500 leaves per site. The stem diameter at breast height (DBH) was measured for each tree sampled; all trees had dbh ‡20 cm. The leaf area removed by folivores and leaf miners was estimated using the 150 leaves per individual tree. A digital image of each leaf was obtained, and then the total leaf area and the leaf area removed by insects were estimated using the Sigma Scan Pro software.
Genetic analyses
Genomic DNA was extracted from 100 mg of leaf material using the method proposed by Lefort and Douglas (1999) . Six nuclear microsatellite loci (0C11, 0A01, 0C19, 1C08, 2M04, 1F07) previously designed for Quercus rubra (Aldrich et al. 2002) were selected based on the quality of preliminary amplification trials. All primers were multiplexed in single PCR reactions using the QIAGEN Multiplex PCR kit (QIAGEN). The final volume of each reaction was 5 lL, containing 1X Multiplex PCR Master Mix, 2 mM each primer, deionized water, and 20 ng DNA. The thermal cycling program was run on an Applied Biosystems thermocycler. The program consisted of one cycle at 95 ºC for 15 min and then 35 cycles, each with denaturation at 95 ºC for 30 s, annealing at 55 ºC for 90 s, and extension at 72 ºC for 60 s. A final extension at 60 ºC for 30 min was included. Multiplex PCR products were diluted 1:1 in deionized water and run in an ABI-PRISM 3100-Avant sequencer with the GeneScan-500 LIZ size standard included (Applied Biosystems). DNA fragment final sizing was performed using Peak Scanner software, version 1.0 (Applied Biosystems).
Chemical analysis
Thirty intact leaves were collected from each individual tree and immediately stored in liquid nitrogen for chemical analyses. As indicators of nutritional quality, we measured water content and total nonstructural carbohydrates (Marquis et al. 1997 ). For water content, 2 gm of fresh sample were weighted in an analytical balance and then placed in an oven at 105°C. The samples were dried to a constant weight and allowed to cool for weight register. Water content was calculated as (fresh weight-dry weight/fresh weight). To determine the amount of total nonstructural carbohydrates (TNC) we performed the phenol-sulphuric method for TNC extraction from plant tissues (Marquis et al. 1997 ). Soluble sugars concentration was determined colorimetrically with an UV-visible spectrophotometer (EZ301 UV/VIS Spectrometer, Perkin-Elmer).
The total content of soluble phenolics was estimated using a modification of the Folin-Ciocalteau method (Torres et al. 1987) , extracting the samples with 80 % ethanol. One ml supernatant of the centrifuged sample was mixed with 0.5 ml 2 N Folin-Ciocalteau's phenol reagent, and then 1 ml of 20 % Na 2 CO 3 was added. After 30 min of incubation at room temperature, the absorbance was measured at 730 nm on an UV-visible spectrophotometer. The standard curve was created with known concentrations of tannic acid. In the case of flavonoids, the samples were extracted with 80 % ethanol. 0.1 ml of supernatant was diluted in 0.9 ml 80 % ethanol. A 0.5 ml aliquot was placed in a tube, and 0.3 ml NaNO 2 (1:20) were added. After 5 min, 3 ml AlCl 3 (1:10) was added. Six min later, the solution was mixed and the absorbance was measured at 510 nm (Zhuang et al. 1992) . The content of total flavonoids was calculated from a standard curve of quercitin.
For tannin quantification samples were extracted with 70 % aqueous acetone, allowed to stand for 1 h at room temperature with continuous stirring and centrifuged for 10 min at 3000 rpm. The acetone extract was reduced to the aqueous phase, and then frozen and lyophilized. 0.1 % ascorbic acid was used as conservative (Hagerman 1987) . For total tannins, we used the radial diffusion method with agarose gel added with bovine serum albumine (Hagerman 1987) . We punched 8 wells in each plate. Each sample was resuspended in 200 ll of 70 % acetone and 50 ll of each sample was placed in the wells. The plates were covered and placed in an incubator at 30°C for 96 h. We used a digital Vernier to estimate the diameter of the ring that formed. The area of the disk is linearly related to the amount of tannins placed in the well. To quantify gallotannins, a modification of the method by Inoue and Hagerman (1988) was used. One ml of the samples resuspended in 0.2 N H 2 SO 4 were placed in a 2 ml tube and dissolved in 1 ml 1 M H 2 SO 4 . The samples were hydrolyzed for 4 h at 100°C. A 0.1 ml aliquot of the hydrolysate was mixed with 0.3 ml of 0.667 % methanolic rhodanine solution and 0.2 ml of 0.5 M KOH solution. After 2.5 min, the mixture was diluted to 5 ml with distilled water. The absorbance at 520 nm was read. The rhodanine assay was standardized with gallic acid. Soluble proanthocyanidins (PAS) were measured using a modification of the method of Watterson and Butler (1983) . Samples were resuspended in 50 % methanol. 0.1 ml of extract and 0.6 ml of water were added to 6 ml 1-butanol/concentrated HCl (95:5, v/v). After mixing, the tubes were placed in a bath for 50 min at 95°C. The absorbance at 555 nm was measured. The standard curve was prepared with known concentrations of (+) catechin hydrate. Finally, to quantify hydrolyzable tannins the dry samples were placed into Pyrex screw top tubes. Two ml of methanol and 200 ll of concentrated sulfuric acid (18 M) were added. The samples were hydrolyzed for 20 h at 85°C. 50 ll aliquots of ethanolamine were added. Five hundred ll of 3.7 M ammonium acetate was added before the pH was adjusted to 5.5. Each sample was stored at 4°C. One hundred ll of the samples with adjusted pH, were analyzed by reaction with KIO 3 at 525 nm. The method is standardized with methyl gallate (Hartzfeld et al. 2002) .
Statistical analysis
To estimate genetic diversity in each of the four studied populations, we calculated the average number of alleles per locus (N A ), the average effective number of alleles per locus (N E ), the observed heterozygosity (H O ) and the expected heterozygosity (H E ) with the software GenAlex v. 6.501 (Peakall and Smouse 2006) . Microsatellite data were also used to estimate three measures of individual genetic variation for each tree, uncorrected homozygosity, homozygosity by locus and internal relatedness, using the CERNICALIN software (Aparicio et al. 2006 ). However, the three measures were highly correlated (r > 0.98) and therefore we only report individual observed heterozygosity (calculated as 1-uncorrected homozygosity) as a measure of genetic variation. Nested analyses of variance were conducted to test the effect of forest condition (i.e. small vs. large patches) and site (nested within forest condition), on individual heterozygosity, herbivory levels by folivores and leaf miners and on the contents of water, total nonstructural carbohydrates and secondary metabolites. Correlation analyses were used to test if variation in herbivory levels by both insect guilds is associated with the foliar content of water, nonstructural carbohydrates and secondary metabolites.
To determine if similar genotypes of Q. castanea have similar contents of nutritional and chemical compounds and levels of herbivory, we calculated a pairwise distance matrix for each data set. For the genetic data, a matrix of codominat-genotypic distance was calculated using GeneAlex v. 6.501 (Peakall and Smouse 2006) . For foliar chemistry and herbivory damage Euclidean distances were calculated with the NTSYSpc 2.2 program (Rohlf 2002) . Separate matrices were obtained for damage by folivores and miners. Matrices were subjected to a Principal Coordinates Analysis (PcoA), and individual score values on the first two coordinates were graphed to depict similarity patterns (Orloci 1978; Peakall and Smouse 2006) . Correlations among matrices were determined with simple and partial Mantel permutation tests (Mantel 1967) in NTSYSpc.
Results
The highest levels of genetic variation were observed in population SAU (small fragment), followed by population CUA (large fragment), while populations SMM (small fragment) and UME (large) had comparatively lower genetic variation by all measures (Table 1) . The nested ANOVAs indicated that forest condition (small vs. large fragments) did not have a significant effect on the genetic diversity levels (individual heterozygosity) of oak individuals in the studied sites (F = 1.23, d. f. = 1, P = 0.27) (Fig. 1) . On the contrary, there was a significant effect of forest condition on levels of herbivory by folivores (F = 26.49, d. f. = 1, P < 0.0001) and leaf miners (F = 19.76, d. f. = 1, P = 0.0002) (Fig. 2) and on the percentage of leaf water and concentration of hydrolysable tannins (Table 2) . Herbivory levels by folivores were higher in the small (mean ± standard error = 9.88 ± 0.99 %) than in the large fragments (4.36 ± 0.47 %), and the opposite was true for herbivory by leaf miners (1.13 ± 0.21 and 2.52 ± 0.53 %, respectively) (Fig. 2) .
Independently of forest condition, the effect of site was significant for individual observed heterozygosity (F = 10.61, d. f. = 2, P = 0.0002) (Fig. 1 ) the levels of herbivory by leaf miners (F = 37.13, d. f. = 2, P < 0.0001) (Fig. 2) , the percentage of leaf water, and the concentrations of total nonstructural carbohydrates, flavonoids, gallotannins, soluble proanthocyanidins and hydrolysable tannins (Table 2) . Except for the case of flavonoids, the concentration of all these compounds followed a similar pattern in which the higher concentrations was observed in sites UME and SMM, and the lower concentrations in sites SAU and CUA. Finally, no significant variation was observed for the concentration of total phenols and total tannins. After a Bonferroni correction, correlation analyses indicated that the percentage of leaf area damaged by folivores was associated significantly (and negatively) only with the percentage of leaf water (Table 3 ). In contrast, the level of herbivory by leaf miners was negatively associated with the concentration of gallotannins, soluble proanthocyanidins, hydrolysable tannins and total nonstructural carbohydrates, and positively associated with the concentration of flavonoids (Table 3).
The principal coordinates analyses based on pairwise genetic distances and on chemical distances among all individuals (Fig. 3a, b) were largely congruent in recognizing two main groups of individuals, one formed by individuals from populations UME and SMM, and the other by individuals from populations CUA and SAU. In contrast, when the level of damage by folivorous insects was used as the input variable, a different pattern is observed (Fig. 3c) . All individuals from SMM, together with four individuals from SAU, and one individual from CUA distributed on the left side of the plot, reflecting the higher herbivory levels of these individuals. The rest of the individuals, characterized by lower herbivory levels, distributed on the right side of the plot. The pattern for the levels of damage by miners (Fig. 3d) indicated the separation of individuals from CUA and a few individuals from SMM and SAU, with high damage levels, from the rest of the individuals.
Mantel correlation tests indicated a significant correlation between the matrices of genetic and chemical distance (r = 0.29; P = 0.001) (Fig. 4a, b) . The correlation increased considerably when the matrix of chemical distances was calculated including only carbohydrates, gallotannins, hydrolysable tannins and proanthocyanidins (chemical distance 2; r = 0.41; P = 0.001) (Fig. 4c, d ). Another significant correlation was found between chemical distance and the distance based on damage by mining insects (r = 0.51; P = 0.002) (Fig. 4b) , but the correlation was lower with chemical distance 2 (r = 0.21; P = 0.005) (Fig. 4d) . Even within one of the sites (UME), a significant correlation was found between the matrix of chemical distance and the matrix of damage by mining insects (r = 0.48; P = 0.03) (not shown), and the correlation between the matrices of genetic and chemical distances was marginally significant (r = 0.3; P = 0.07) (not shown). In contrast, no correlations were found between any of the two chemical distances and damage levels by folivorous insects (Fig. 4a, c) , and between genetic distance and damage levels by folivores (r = À0.02, P = 0.43) (Fig. 4a ) and leaf miners (r = 0.06, P = 0.24) (Fig. 4b) . Very similar results were obtained when correlations were partialized between two matrices while controlling for the third one (Fig. 4) .
Discussion
The results of this study indicate significant variation in genetic diversity, damage levels by insect folivores and leaf miners and in the concentration of nutritional and secondary chemistry compounds among the four Q. castanea populations studied. However, the results regarding the effects of forest condition on the variables evaluated must be taken with caution since only two sites of each type (i.e. small and large forest fragments) were analyzed.
As has been commonly found even in highly fragmented oak populations (e.g. Ortego et al. 2010), genetic Fig. 1 Individual observed heterozygosity (Mean ± SE) of Quercus castanea individuals at small (San Miguel del Monte, SMM and Santiago Undameo, SUA; gray bars) and large (Ume´cuaro, UME and Cuanajo, CUA; white bars) forest fragments. Different letters indicate significant differences (P < 0.05) according to ANOVA followed by post hoc Tukey-Kramer tests diversity was high in the four studied populations and was not associated with forest condition. This result is probably due to several factors, including the long generation time of Quercus species, what makes it difficult to observe the effects of recent (i.e. a few decades) fragmentation on population genetic diversity levels of adult individuals (Ortego et al. 2010; Herrera-Arroyo et al. 2013) . Damage by insect folivores was significantly higher in the two small and fragmented forest patches populations of Q. castanea than in the large forest patches. It is known that habitat fragmentation modifies local microclimatic conditions (Camargo and Kapos 1995) , plant diversity and composition (Benı´tez-Malvido and Martı´nez-Ramos 2003) , population density and dynamics (Wiegand et al. 2005) , and destabilizes and collapses interspecific interactions such as pollination, parasitism and predation (Stouffer and Bierregaard 1995; Kearns et al. 1998; Fagan et al. 1999; Arnold and Asquith 2002) . Some studies have also documented increased herbivory levels in fragmented and disturbed habitats, probably due to the above-mentioned factors and to changes in plant nutritional quality and concentration of defensive compounds, and also to a reduction in the abundance of predators and parasitoids (Krues and Tscharntke, 1994; Arnold and Asquith 2002; Fa´veri et al. 2008; Cuevas-Reyes et al. 2013 ). In our case, we found significant but not very considerable differences in water and hydrolysable tannins concentration among trees in the two types of forest fragments, and herbivory levels were correlated with the percentage of leaf water, but not with the concentration of secondary metabolites or total nonstructural carbohydrates. This suggests that differential folivory in our study system might be related to other chemical or ecological factors not assessed in this study.
In contrast, herbivory by leaf-mining insects was lower in the more disturbed sites and showed significant negative correlations with the concentration of gallotannins, soluble proanthocyanidins, hydrolysable tannins and total nonstructural carbohydrates. It has been suggested that leaf miners are more sensitive to the underlying genetic and chemical structure of the host plant because these insects interact directly with leaf tissue and must spend their entire larval stage on the individual host plant chosen by the ovipositing female (Bangert et al. 2006 (Bangert et al. , 2008 . Also, in general, the density of specialist herbivorous insects seems to be more likely to correlate negatively with the concentration of condensed tannins than generalist species (Forkner et al. 2004 , but see Pearse 2011 . This is perhaps because some free-living generalist insect herbivores have the capability of moving within or among host plants and, in this way, exert control over their degree of exposition to Fig. 2 Percentage leaf area removed (Mean ± SE) in Quercus castanea individuals at small (San Miguel del Monte, SMM and Santiago Undameo, SAU; gray bars) and large (Ume´cuaro, UME and Cuanajo, CUA; white bars) forest fragments by a folivores and b leaf mining insects. Different letters indicate significant differences (P < 0.05) according to ANOVA followed by post hoc TukeyKramer tests See Table 1 for population abbreviations. TNC total nonstructural carbohydrates, PAS proanthocyanidins, HT hydrolyzable tannins, n. s. non significant * P < 0.05, *** P < 0.001 different secondary metabolites. However, these insects may be at the same time more susceptible to external conditions such as humidity, temperature and light. We observed significant differences among the four sites in the percentage of leaf water, and in the concentration of carbohydrates, flavonoids, soluble proanthocyanidins, gallotannins and hydrolysable tannins. The last two compound types showed the more marked differences, with sites SMM and UME having high concentration, and sites SAU and CUA low concentration. While the concentration of tannins in plants is known to vary according to ontogenetic state, tissue type, and environmental conditions including CO 2 concentration, soil nutrient availability, light conditions, and herbivore attack (Lindroth et al. 1993 Mansfield et al. 1999; Liu et al. 2005) , it has also been shown that there is high genetically controlled intraspecific variation in tannin concentration in many different plant species, including Quercus, that can be sometimes as considerable as a 145 fold difference Our microsatellite data supports the idea that the variation in the concentration of secondary metabolites that we observed within and among populations of Q. castanea has a genetic component. A Principal Coordinates Analysis based on chemical similitude among individuals resulted in a grouping pattern that was similar to the grouping of individuals based on six nuclear microsatellite loci. Also, a Mantel test between both pairwise matrices indicated a significant correlation. Particularly, carbohydrates, gallotannins, hydrolysable tannins and proanthocyanidins seemed to correlate more strongly with genetics than the other compounds. Previously, some other studies have also identified a correlation between genetic relatedness among individual trees, as measured with nuclear microsatellites, and the concentration of foliar chemical compounds, particularly in Quercus laevis (Klaper et al. 2001) and Eucalyptus melliodora (Andrew et al. 2005) . In Populus, an important series of studies has demonstrated that in hybrid systems, as well as within single pure species, individuals with lower genetic distances have a more similar chemical composition and also support similar arthropod communities Bangert et al. 2006; Wimp et al. 2007; Bangert et al. 2008) . According to the genetic similarity rule proposed by Bangert et al. (2006) the relationships between plant genetics and plant chemistry, and between plant chemistry and arthropod community structure, should be stronger than the direct relationship between plant genetics and arthropod community. Therefore, plant chemistry acts as the intermediate link between plant genes and the community of associated organisms.
Even though in our study we did not analyze the composition of the arthropod community associated to Q. castanea, but only considered damage levels by two insect guilds (folivores and leaf miners), altogether our results evidenced that the variation in the concentration of secondary metabolites among individuals of this oak species was associated with their genetic similarity across the study locations. Damage levels by one of the insect guilds (leaf miners) were correlated with the concentration of secondary metabolites. As can be expected from the genetic similarity rule, we did not detect a direct relationship between genetic composition of individual trees and damage by leaf miners (Fig. 4 ). In contrast, damage level by leaf chewing insects was not correlated with the genetic or chemical composition of Q. castanea individuals, but was higher in the small and more disturbed sites, and lower in the two larger fragments, even though this result should be taken with caution given the small sample size. This suggests that some insect guilds (i.e. specialist insects that interact intimately with the host) may be more sensitive to the genetic and chemical characteristics of individual plants, while more generalist free-living insects are probably more responsive to the variation in the environmental conditions of the habitat; in this case, variation caused by human disturbance.
Recently, it has been found that besides genetic similarity among host trees, differences in genetic diversity at the population level may be also related with herbivory levels. Using a manipulative experiment, Castagneyrol et al. (2012) found that damage by folivores in Quercus robur saplings increased with the number of genotypes in the experimental plots. However, no relationship was found between genetic diversity and damage by leaf miners. These examples illustrate that different responses of herbivorous insects to genetic Fig. 4 Mantel test results for simple (r xy where x is the predictor and y is the response) and partial (r xy.z where x is the predictor, y the response and z is the covariate whose effect on x and y is accounted for) correlations for a genetic distance (d), chemical distance (c) and herbivory levels by folivores (h), b genetic distance (d), chemical distance (c) and herbivory levels by leaf miners (m), c genetic distance (d), chemical distance 2, calculated including only carbohydrates, gallotannins, hydrolysable tannins and proanthocyanidins (c2) and herbivory levels by folivores (h) and d genetic distance (d), chemical distance 2 (c2) and herbivory levels by leaf miners (m). The width of each arrow is proportional to the strength of the relationship diversity at both individual and population levels are possible and require further research.
